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Abstract 
In this work, alkali lignin together with different diisocyanates (hexamethylene 
diisocyanate (HDI), isophorone diisocyanate (IDI), toluene diisocyanate (TDI) and 4,4′-
methylenebis (phenyl isocyanate) (MDI)) have been tested as gelling agents in a castor 
oil medium. A two-step process comprising first lignin functionalization with a 
diisocyanate and then the formation of a bio-based polyurethane with gel-like 
characteristics by combining the functionalized lignin with castor was followed. FTIR 
and thermogravimetry analysis were carried out on both the gelling agents and resulting 
oleogels. Moreover, oleogel rheological properties were evaluated by means of small-
amplitude oscillatory shear (SAOS) tests and viscous flow measurements. The 
influences of time-temperature processing conditions during oleogel formation, 
lignin/diisocyanate ratio and functionalized lignin concentration on the rheological 
properties of oleogels were analyzed using HDI as crosslinker. 30% (w/w) thickener 
concentration and room temperature processing were selected to prepare oleogels with 
the rest of diisocyanates considered. Under the same conditions, HDI-functionalized 
lignin-based oleogels showed the strongest gel-like behavior whereas TDI-, IDI- and 
especially MDI-functionalized lignin-based oleogels displayed weak gel-like, or even a 
liquid-like, behaviors as a consequence of the respective chemical structures, which 
guide to higher steric hindrance, diminishing the formation of urethane linkages and/or 
Van der Waals forces. In general, oleogels exhibited an internal curing process due to 
the progressive formation of urethane linkages, which is closely related to the evolving 
rheological properties. The kinetics of this curing process was studied and an empirical 
model has been proposed to predict the evolution of the rheological properties with 
time. 
Keywords: castor oil; diisocyanates; lignin; oleogel; rheology; urethanes  
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1. Introduction 
In the last decades, the climate change and resources depletion have been increasing and 
changing the focus of research to more friendly environmental approaches. In that way, 
lignocellulosic materials are gaining more and more importance since they are 
renewable and ecological sources widespread around the world. Lignocellulosic 
materials include lignin, the second most abundant biopolymer after cellulose [1], which 
forms a random, amorphous three-dimensional network [2] and does not possess a well-
defined structure but a complex combination among three main monomers 
(monolignols), i.e., p-hydroxyphenyl, guaiacyl and syringyl, and some others, as 
aliphatic hydroxyl groups, condensed phenol units, and carboxylic acid protons [3]. 
Paper industry is the main producer of lignin-rich residues, where around 98% are 
directly burned to recover energy. For these reasons, lignin is being focused as a 
promising material to obtain high-value added and environmental-friendly products. 
In the same direction, several industries such as those involved in the production of 
lubricants [4–6] and adhesives [7] also face serious environmental problems [8] and are 
demanding eco-friendly oleogel-like systems with suitable functional properties, which 
can overcome these problems. Recently, some formulations which replace mineral or 
synthetic oils, in the case of lubricants [9–11], or volatile organic solvents, in the case of 
adhesives [12,13], by vegetable oils have been reported. 
On the other hand, diisocyanates (HDI, IDI, TDI, MDI…) are capable of reacting with  
–OH groups of many polymers, e.g. butanediol polyester [14], hydroxyl-terminated 
polybutadiene and butacene [15], 4,4’-{oxy-1,4-diphenyl bis(nitromethyl-
idine)}diphenol [16], glycidyl azide polymer [17], as well as graphene oxide [18] and 
mineral [19] and castor oils [20,21], to form urethane linkages (–NH–C(O)–O–) owing 
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to protons be transferred from –OH to the N in –NCO groups. These compounds are 
known to form materials with a wide variety of outstanding properties, depending on 
the application. In particular, some lignin-based polyurethanes have been already 
synthetized [1,22,23], even using castor oil as chain extender [24,25], thus adding the 
renewability and biodegradability characteristics sometimes desired for this type of 
materials. Similarly, HDI [11], TDI [13] and MDI [26,27] have demonstrated to be 
effective and efficient crosslinkers in oleogel formation and they can be used to 
chemically connect a vegetable oil and a suitable thickener agent. Among the different 
gelling agents in oil media, several isocyanate-functionalized cellulose and chitin 
derivatives have been previously proposed to form chemical gels in castor oil [28–30]. 
Considering the foregoing, this study is focused on combining lignin, as a well 
entangled, renewable, biodegradable and abundant material [31], with different 
diisocyanates as HDI, IDI, TDI and MDI as crosslinkers, to achieve a functionalized 
biopolymer which can be able to act as gelling agent in a castor oil (CO) medium. 
Following the methodology previously described for cellulose derivatives [32], in the 
present work a two-step oleogel formation which comprises firstly the lignin 
functionalization and secondly the formation of a chemical oleogel is proposed. This 
second step also involves chemical reactions, since free end-chain isocyanates, bonded 
to lignin or not, which had not already reacted can now react with the hydroxyl groups 
of the ricinoleic fatty acid chain. The main objective of this study was to investigate the 
influence of the type of diisocyanate crosslinker, the lignin/diisocyanate ratio, the NCO-
functionalized lignin (FL) concentration and processing temperature on the rheological 
response of these chemical oleogels. Moreover, the kinetics of the chemical interaction 
between FL and CO, i.e., the curing process, was monitored by means of rheological 
measurements. 
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2. Experimental 
2.1. Materials 
Alkali lignin (L) obtained through a kraft process with up to 5% moisture and the 
different diisocyanates evaluated as crosslinkers, i.e. HDI, IDI, TDI and MDI, were 
purchased from Sigma-Aldrich. Purity of diisocyanate compounds was 98%, excepting 
for TDI (80%). Castor oil was purchased from Guinama (Spain). Fatty acid composition 
and main physical properties can be found elsewhere [33]. Other common reagents like 
toluene and triethylamine were analytical grade and also supplied by Sigma-Aldrich. 
2.2. Functionalization reaction of lignin with diisocyanates 
Lignin functionalization reaction was performed according to the methodology 
previously reported [32]. Briefly described, toluene (100 ml) was added to a round-
bottom flask and maintained under argon inert atmosphere for 30 minutes. After that, a 
determined amount of lignin, followed by diisocyanate (in 1:1 and 1:2 lignin/ 
diisocyanate weight ratios) and finally triethylamine (twice diisocyanate amount) were 
added and maintained for 24 hours under vigorous stirring at room temperature. The 
functionalized lignin (FL), purified under vacuum using a rotary evaporator, was prepared 
immediately before being used. 
FLs were intended to be always prepared maintaining the same –OH/–NCO molar ratio 
for a given lignin/diisocyanate ratio. In this sense, a determined amount of lignin was 
mixed with the same amount of HDI for 1:1 ratio or double for 1:2 ratio. To maintain 
the same –OH/–NCO molar ratio for the rest of diisocyanates, the amount added for 
IDI-, TDI- and MDI-based FLs was calculated according to the different molecular 
weights: 
  
6 
 
                  
              
     
         
 
where HDI is the quantity of HDI that would be needed to add according to the above-
mentioned lignin/diisocyanate ratio and Mws are the molecular weights of the different 
diisocyanates. In the forthcoming text, for the sake of simplicity, the 1:1 and 1:2 
lignin/diisocyanate ratio nomenclature will be maintained in all cases, assuming the 
correction of weights given by equation (1) for each diisocyanate. The different FLs 
were named with the codes included in Table 1 containing information of the 
lignin/diisocyanate ratio and type of crosslinker. 
2.3. Preparation of oleogels 
FL was mixed with castor oil in a stainless-steel reactor (100 mL) and generally 
maintained 24 hours under stirring at 70 rpm, using a controlled-rotational speed mixing 
device RW 20 (Ika), equipped with an anchor impeller. Processing of oleogels was 
generally carried out at room temperature, although the reaction was also accomplished 
at 70ºC in order to study processing conditions. FL concentration was modified in the 
range of 20-30% (w/w) in the case of HDI-based FL. For the comparison of using 
different diisocyanates, a 30% (w/w) concentration was selected. Oleogels obtained 
were stored at room temperature and they will be referred using the codes included in 
Table 2. 
2.4. Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR spectra were obtained using a JASCO FT/IR 4200 (Jasco inc. Japon). The gels, 
some FLs and all diisocyanates were characterized using KBr disks (32 x 3 mm), where 
the sample was placed between both disks. For lignin and solid FLs, KBr pellets 
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containing 10 parts of KBr and 1 part of sample were prepared by applying pressure for 
several minutes. In both cases, disks and pellets were placed in an adequate sample 
holder and FTIR were obtained between 400 and 4000 cm
-1
, at 4 cm
-1
 resolution, in the 
transmission mode. 
2.5.Thermogravimetric analysis (TGA) 
Measurements of mass loss with temperature was evaluated in the range from room 
temperature to 600ºC, following a constant rise of 10ºC/min, using a Q-50 model (TA 
Instrument Waters, USA) under N2 purge. 5-10 mg of each sample were placed in a 
platinum pan previously tared and put onto the sample holder. After that, the 
measurement was automatically performed. 
2.6.Rheological characterization. 
Linear viscoelasticity characterization of oleogels was carried out by means of SAOS 
tests in both the ARES (Rheometric Scientific) and the Rheoscope (Thermo Haake) 
rheometers, using roughened plate-plate geometries (25 and 20 mm, respectively, 
depending on the consistency of the sample, and 1 mm gap). Frequency sweep tests 
were performed inside the linear viscoelastic regime, in a frequency range of 0.03-100 
rad/s. Strain or stress sweep tests were previously carried out to determine the linear 
viscoelastic range. Flow measurements were carried out in the ARES rheometer by 
applying an increasing stepped shear rate ramp from 0.01 to 100 s
-1
, taking 3 to 5 points 
each decade and maintaining the shear rate for three minutes in each step. Each 
rheological test was performed on fresh samples one week after oleogel formation and 
replicated at least twice. Moreover, in the case of oleogels prepared with HDI, a kinetic 
study was programmed, for which rheological measurements were performed from just 
1 h after oleogel preparation up to one week. 
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3. Results and discussion 
3.1. Characterization of lignin and functionalized lignin samples 
Lignin and functionalized lignin samples (FLs) were characterized using FTIR 
spectroscopy, as shown in Figure 1. Taking into account that spectra for all FLs are very 
similar, only results for the 1:1 lignin/HDI weight ratio functionalization is displayed. 
FTIR results confirm that new bonds were created in the functionalization process, 
yielding new and modified peaks in the spectra. Thus, a new peak appears at around 
3330 cm
-1
, related to the N-H stretching vibration of new urethane bonds formed 
between –OH groups from lignin and –NCO from diisocyanates [32], and therefore the 
intensity of –OH stretching vibration band, centered at around 3430 cm-1, is 
significantly diminished, so that a sharper peak was found for FL in comparison with 
that obtained with non-functionalized lignin in the range of 3300-3600 cm
-1
. The two 
absorption bands around 2934 and 2855 cm
-1
, corresponding to asymmetric and 
symmetric C-H stretching vibration of aliphatic methylene groups are widely increased 
in FLs as a consequence of the new six-methylene chains in HDI moieties. Also, as 
intended, FLs exhibit a new intense peak centered at 2270 cm
-1
, corresponding to the 
stretching vibration of free isocyanate moieties. This peak is consequence of both, the 
free-one-side isocyanate bonded to lignin and possible non-reacted diisocyanates 
remained. Besides this, C=O bonds may generate two observable peaks in FTIR 
measurements, one related to C=O unconjugated bonds at around 1710 cm
-1
 and the 
second related to C=O conjugated bonds, centered at around 1620 cm
-1
 [34]. FLs 
spectra do not exhibit any clear signal corresponding to C=O unconjugated bonds but do 
show for C=O conjugated groups. Centered at around 1570 cm
-1
, another peak related to 
the urethane N-H bending vibration was observed only in FL IR spectrum, 
demonstrating once again the formation of urethane linkages. 
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Figure 1. Lignin and functionalized lignin FTIR spectra 
Thermogravimetric analyses were also used to characterize lignin and FL samples 
(Figure 2). Characteristic parameters considered for each thermal event were the onset 
temperature (Tonset), temperature for the maximum weight loss rate (Tmax), final 
degradation temperature (Tfinal) and weight loss (ΔW), whose values together with the 
final residue obtained at 600ºC are shown in Table 1. 
As can be seen, apart from the loss of moisture contained in the sample up to 100ºC 
(3%) and the dehydration process of hydroxyl groups at around 165ºC, lignin show 
one main weight loss peak at high temperatures with an associated Tmax at 373ºC (see 
Table 1), which according to the literature [35] may be attributed to the β-O-4 linkage 
breakdown, starting at around 250-300ºC, the aliphatic side chains cleavage, starting at 
around 300ºC, and disruption of C-C bonds among monolignols at around 400ºC. 
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Moreover, the mass loss rate is very slow, yielding derivative weight loss not higher 
than 0.3 %/ºC, which is in concordance with previous results [36]. 
Apart from the above mentioned mass loss events, properly related to the lignin-like 
structure, FLs thermograms also show another main degradation peak corresponding to 
the disruption of free –NCO segments, starting at around 100-140 ºC [28]. This thermal 
event depends, however, on the type of diisocyanate compound employed to 
functionalize the lignin. For instance, attending to the results obtained for the 1:1 
lignin/diisocyanate ratio, the temperature for the maximum degradation rate of –NCO 
segments is 119ºC for HDI, whereas it is around 123-126ºC for TDI and IDI, and 179ºC 
for MDI. Similar tendency was observed for the 1:2 lignin/diisocyanate ratio. These 
degradation temperatures of –NCO segments in FL samples are roughly in agreement 
with those found in pure diisocyanates (Table 1). 
Regarding the main mass loss detected in the non-functionalized lignin sample, the 
inclusion of diisocyanate compounds shifts the temperature for the maximum 
degradation rate to lower values. For instance, the lowest Tmax value was observed for 
TDI-based FL sample obtained with 1:1 lignin/TDI ratio, followed by HDI-, MDI- and 
IDI-based FLs. Nevertheless, this difference is almost negligible for FL samples 
prepared with 1:2 lignin/diisocyanate ratio. Moreover, HDI-based FLs exhibit another 
peak at 437-454ºC which was not detected in the raw lignin, which may be attributed to 
a high degree of crosslinking, as previously reported for other HDI-functionalized 
biopolymers [28]. On the other hand, FLs generate lower residue values in comparison 
with the non-functionalized lignin. HDI- and IDI-based FLs show lower residue values 
(around 19-24%) than TDI- and MDI-based FLs (35-40%).  
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Figure 2.  TGA curves for lignin and functionalized lignin samples  
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Table 1. TGA characteristic parameters of raw materials and functionalized lignin samples 
Sample Code Tonset (ºC) Tmax (ºC) Tfinal (ºC) ΔW (%) 
Residue 
(%) 
Alkali 
lignin 
L 27/129/249 61/164/373 92/183/407 3/4/49 44 
HDI
 
HDI 137 172 178 99 1 
TDI TDI 116/172 155/181 159/188 84/14 2 
IDI IDI 124 177 184 100 0 
MDI MDI 174 221 227 97 3 
L+HDI 
(1:1 
ratio) 
FLH 96/185/291/409 119/221/320/437 136/247/344/471.5 15/8/35/20 22 
L+TDI 
(1:1 
ratio) 
FLT 102/171/275 126/195/300 143/216/322 11/17/37 35 
L+IDI 
(1:1 
ratio) 
FLI 114/308 123/346 155/391 12/62 24 
L+MDI 
(1:1 
ratio) 
FLM 121/303 179/333 205/361 14/46 40 
L+HDI 
(1:2 
ratio) 
FLH2 98/298/429 118/344/454 134/375/475 11/41/24 24 
L+TDI 
(1:2 
ratio) 
FLT2 144/266/371 160/331/391 178/341/443 16/19/25 40 
L+IDI 
(1:2 
ratio) 
FLI2 100/245/318 153/261/355 174/286/393 33/8/40 19 
L+MDI 
(1:2 
ratio) 
FLM2 162/321 192/345 233/363 18/47 35 
 
3.2.Characterization of oleogels 
3.2.1. Influence of processing conditions 
In order to optimize and gain a deeper knowledge on how processing conditions affect 
urethane bonds generation and therefore resulting oleogel rheological properties, the 
time and temperature, as two of the most important parameters during processing, are 
considered and modified. Two time-temperature conditions such as room temperature-
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24 h (RT-24) and 70ºC-3 hours (HT-3) were chosen as processing conditions, whereas 
the HDI-based FL with 1:1 lignin/HDI ratio, at 30% w/w concentration, was selected as 
chemical gelling agent to compare the different processes. FTIR spectra determinations 
were sequentially carried out after oleogel formation. As expected, a high processing 
temperature increases the reaction rate between free –NCO groups in FL and available  
–OH groups mainly located in the CO ricinoleic fatty acid chains, as can be seen in 
FTIR results in Figure 3a, where the spectra of just-obtained oleogels are shown. As can 
be seen, the NCO absorption band, at 2270 cm
-1
, almost disappear after 3 h at 70ºC, 
whereas is clearly detectable after 24 h at room temperature. As well known, this 
residual amount of free –NCO groups still react after processing, which is called the 
curing process. However, despite the different kinetics during processing, as shown in 
Figure 3b, the curing time is extended up to 5-6 days, independently on the processing 
conditions, once free –NCO groups are not detected anymore. Nevertheless, processing 
conditions, i.e., time-T combination, dramatically influence oleogel rheological 
behavior after curing. As can be seen in Figure 4, a weak gel after curing was obtained 
by applying the HT-3 process, in contrast to that found when applying the RT-24 
process conditions, which yields a strong gel response. This result may be explained 
taking into account that free isocyanates may react more randomly with different 
species, including themselves, at high temperatures [37], becoming other kind of 
linkages and limiting the chemical interaction between CO and FL, thus finally resulting 
much lower values of the storage (G’) and loss (G’’) moduli (Figure 4a) and 
significantly higher values of the loss tangent (tan δ = G”/G’) (Figure 4b). 
Regarding the viscous flow response, a shear thinning behavior was always observed in 
the shear rate range studied, which may be fairly well described by the power-law 
model: 
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where K and n are the consistency and flow indexes, respectively. After applying the 
HT-3 process conditions, lower viscosity values and higher flow index than those found 
in the oleogel processed with RT-24 conditions were obtained (see Figure 5 and power-
law fitting parameters inset). Interestingly, in spite of all these differences found in the 
rheological behavior, TGA profiles (curves not shown) are almost identical for both 
types of oleogels (see relevant degradation temperatures in Table 2) and very similar to 
those reported for castor oil- and lignin-based flexible polyurethane foams [24], 
indicating that thermal degradation is mainly governed by FL and castor oil rather than 
the density and type of urethane linkages. 
. 
 
Figure 3. a) FTIR spectra and b) evolution of isocyanate content with curing time 
for oleogels obtained applying different T-t processing conditions 
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Figure 4. Evolution of a) the storage, G’, and loss, G”, moduli and b) the loss 
tangent, tan δ, with frequency for oleogels obtained applying different T-t 
processing conditions 
 
Figure 5. Viscous flow curves of oleogels obtained applying different T-t processing 
conditions. (Inside: power-law fitting parameters) 
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Table 2. TGA characteristic parameters of oleogel samples 
Sample Code Tonset (ºC) Tmax (ºC) Tfinal (ºC) ΔW (%) 
Residue 
(%) 
Oleogel 
30%FLH 
H-T 
O30H 
H-T 
335/427 378/439 427/459 82/10 8 
Oleogel 
20%FLH 
O20H 337/422 382/431 297/457 80/16 4 
Oleogel 
25%FLH 
O25H 334/420 381/442 398/463 84/11 5 
Oleogel 
30%FLH 
O30H 324/425 379/439 397/458 83/11 6 
Oleogel 
30%FLT 
O30T 275/355/423 311/380.5/446 334/397/454.5 16/64/15 5 
Oleogel 
30%FLI 
O30I 290/360/427 327/382/450 332.5/398/459 22/59/17 2 
Oleogel 
30%FLM 
O30M 286/358/437 320/378/441 330/398/463 16/69/11 4 
Oleogel 
20%FLH2 
O20H2 304/366/423.5 334/382/451 339.5/398/456 23/60/17 0 
Oleogel 
25%FLH2 
O25H2 306/362/432 333/384.5/447 350/403/465 24/59/13 4 
Oleogel 
30%FLH2 
O30H2 301/358/431 343/381/445 358/408/466 28/53/12 7 
Oleogel 
30%FLT2 
O30T2 282/355/425 311/380.5/439 320/396.5/463 21/61/11 7 
Oleogel 
30%FLI2 
O30I2 296/357/417 327/379/424 329/395/446 29/46/17 8 
Oleogel 
30%FLM2 
O30M2 285/361/433 320/386/454 328/404/473 19/67/13 1 
 
3.2.2. Influence of functionalized lignin concentration and lignin/diisocyanate 
ratio 
Oleogels containing different concentrations (20-30 % w/w) of HDI-based FL as gelling 
agent were prepared and the rheological response was analyzed. Figures 6 and 7 show 
the mechanical spectra obtained in the linear viscoelasticity regime and viscous flow 
curves, respectively, for oleogels containing 20, 25 and 30% w/w FL, and both 1:1 and 
1:2 lignin/diisocyanate ratios. In general, both the SAOS functions and viscosity values 
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increase, around one order of magnitude, when using FL with 1:2 lignin/diisocyanate 
ratio in relation to the 1:1 ratio. This fact is simply explained attending the higher 
availability of free isocyanate moieties which guides to a higher degree of crosslinking 
between FL and CO. However, the SAOS functions frequency dependence is not 
qualitatively influenced by the lignin/diisocyanate ratio. On the other hand, as expected, 
for both 1:1 and 1:2 lignin/diisocyanate ratios, the higher the FL concentration, the 
higher the G’, G’’ and viscosity values are. Moreover, 20% w/w oleogels show a 
crossover point between G’ and G” at relatively high frequencies, as well as higher 
frequency dependence of SAOS functions (see Figure 6). This means a not well 
developed plateau region in the mechanical spectrum, which results in a shift of the 
transition region to lower frequencies, according to the typical behavior of not highly 
entangled gel networks [38]. A more extended plateau region with a crossover point 
shifted to higher frequencies was observed by increasing FL concentration. This effect 
was dampened by modifying the lignin/diisocyanate ratio from 1:1 to 1:2, since the 
degree of crosslinking is higher, as above mentioned. 
Viscosity values depend on FL concentration in the same way as G’ and G” do. 
Nevertheless, similar viscosity values, especially at high shear rates, were obtained for 
oleogels containing 25 and 30% w/w FL using the 1:2 lignin/HDI ratio. Table 3 collects 
the values of the power-law fitting parameters. As can be observed, K values increase 
with FL concentration and decrease with lignin/HDI ratio, whereas extremely low 
values of the flow index were generally observed, which is the consequence of the 
typical yielding behavior found in gel-like dispersions [39–41]. Only the oleogel 
prepared with 20% w/w FL and 1:1 lignin/HDI weight ratio shows a different flow 
behavior with an exceptionally high value of the flow index, as a result of a not so 
extensively crosslinked-network achieved at this concentration (see also Figure 6). 
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Figure 6. Frequency dependence of SAOS functions for HDI-FL-based oleogels as 
a function of FL concentration (a) 1:1 lignin/HDI ratio, b) 1:2 lignin/HDI ratio) 
 
Figure 7. Viscous flow curves for HDI-FL-based oleogels as a function of FL 
concentration and lignin/HDI ratio 
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Table 3. K and n values for HDI, IDI, TDI and MDI-FL-based oleogels 
Samples K (Pa·s
n
) n 
O30H 1170 0.08 
O25H 522 0.04 
O20H 141 0.26 
O30H2 6343 0.01 
O25H2 4120 0.01 
O20H2 70 0.01 
O30T 126 0.60 
O30I 89 0.94 
O30M 14 0.91 
O30I2 48375 0.86 
O30M2 52 0.93 
 
Despite the large influence on the rheological response, FL concentration and 
lignin/diisocyanate ratio do not significantly affect FTIR and TGA profiles of oleogels. 
Since the rheological characterization was carried out just after curing (one week after 
processing), it is logical that FTIR spectra of all oleogels were very similar, since 
chemical composition is essentially the same in that moment. Regarding TGA profiles, 
most remarkable effect is the disappearance of the first degradation peak, corresponding 
to free isocyanate groups, found in FL samples (see Figure 2), corroborating the almost 
complete reaction of these groups after one week of curing. Moreover, all the oleogels 
show a main degradation stage with Tmax at around 379-384ºC, although the temperature 
range is broadened in those prepared with FLs having 1:2 lignin/diisocyanate ratio (see 
Tonset and Tfinal values in Table 2), as previously found in NCO-functionalized 
methylcellulose-based oleogels [28]. 
3.2.3. Influence of the type of diisocyanate used as crosslinker 
The comparison of the rheological response of oleogels prepared with different types of 
diisocyanates was carried out for 30% w/w FL concentration and both 1:1 and 1:2 
lignin/diisocyanate ratios. Chemical structure of different diisocyanates, i.e., 
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conformational shape, bonds and molecular size, is one of the main factors determining 
the rheological behavior of resulting oleogels. Briefly described, HDI contains a small 
linear chain between both isocyanate groups, while the other three compounds are 
cyclic. TDI is an aromatic ring with isocyanates in positions 2 and 4, IDI is a cyclic 
hexane with three methylene groups joined and free isocyanates disposed in positions 1 
and 3 and, finally, MDI is composed of two-phenyl rings joined by a methylene group 
and diisocyanates symmetrically disposed in para position respect to the methylene 
group. However, despite the different chemical structures, urethane bonds generated are 
similar and therefore oleogel FTIR spectra are analogous, although the evolution of 
isocyanate content with curing time is different, as will be discussed more in deep in 
next section.  
On the other hand, regarding TGA results, for completely cured oleogels, again the first 
peak observed in FLs was not detected. Only one main peak centered on CO 
decomposition, at around 379-386ºC, with small shoulders at both sides, is evidenced in 
all gels (see characteristic temperatures in Table 2). Temperature ranges for these 
overlapped degradation peaks are similar for all oleogels and comprise thermal 
degradation of both CO and FL, also considering the chemical interaction between both 
of them. IDI-FL-based oleogels show the highest loss in both shoulders, increasing as 
the lignin/diisocyanate ratio increases, and the smallest peak in maximum weight loss, 
decreasing from 1:1 to 1:2 ratio (see Table 2). 
More dramatical differences were found in the rheological responses. The evolutions of 
SAOS functions with frequency are compared in Figure 8, as a function of the type of 
diisocyanate employed. Oleogel containing FL with 1:2 lignin/TDI ratio was not 
included since a rather heterogeneous sample was obtained, probably due to an 
excessive crosslinking degree achieved during lignin functionalization. However, as can 
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be observed, TDI-FL-based oleogel, for 1:1 lignin/TDI ratio, shows a weak gel-like 
behavior, response quite close to a critical gel [42], with similar values of G’ and G”. 
This weak gel-like behavior may be explained attending the size, rigidity and, therefore 
steric hindrance of TDI molecule, much higher than HDI, which favors lower 
crosslinking density. This effect is even emphasized when using IDI and MDI as 
crosslinkers, resulting not really gels but liquid-like viscoelastic dispersions. In the case 
of the systems containing 1:2 lignin/IDI ratio, however, a tendency to reach a crossover 
point between G’ and G” was observed at high frequencies. This rheological response is 
probably related with a higher difficulty when bonding and also with lower Van der 
Waals forces because of IDI chemical structure [14]. Supporting this, MDI, with the 
greater stearic hindrance, yields the lower values of G’ and G”, being G”>>G’ in the 
whole frequency range studied, even for the 1:2 lignin/MDI ratio. 
Viscous flow measurements shown in Figure 9 also reflect huge differences among the 
oleogels prepared with different diisocyanates. In general, much lower viscosity values, 
several orders of magnitude, and smoother shear-thinning behavior were found when 
using TDI, IDI and especially MDI as crosslinkers, in comparison to HDI-FL-based 
oleogels (see power-law parameters in Table 3). For IDI and MDI, again similar 
responses were displayed, both oleogels exhibiting an almost completely Newtonian 
behavior. Following the same tendency than that previously discussed for SAOS results, 
IDI-FL-based oleogel viscosity is higher than those obtained for MDI-FL-based ones, 
around one order of magnitude higher for the 1:1 lignin/diisocyanate ratio. Interestingly, 
FL containing 1:2 lignin/IDI ratio, provides an oleogel with exceptionally high and 
almost constant viscosity values, even higher than those obtained for HDI-FL-based 
oleogels. This extremely high viscosity values are in agreement with the high G” values 
obtained at high frequencies in SAOS tests. Finally, an intermediate response was 
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obtained with TDI-FL-based oleogel, exhibiting generally higher viscosity values, but 
also a lower flow index, than oleogels prepared with MDI- and IDI-based FL. 
 
Figure 8. Frequency dependence of SAOS functions for oleogels prepared with 
different types of diisocyanates (a) 1:1 lignin/ diisocyanate ratio, b) 1:2 lignin/ 
diisocyanate ratio) 
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Figure 9. Viscous flow curves of oleogels prepared with different types of 
diisocyanates 
 
3.2.4. Curing kinetics 
As explained above, FL-based oleogels undergo an internal process of curing. However, 
this curing process does not follow the same kinetics for the different diisocyanates 
considered. As can be observed in Figure 10, the progressive disappearance of free –
NCO during curing, monitored through the evolution of the –NCO intensity band in 
FTIR spectra, is totally different for each of the diisocyanates employed as crosslinkers. 
Since areas of the different bands are correlated with the concentration of functional 
groups in a given sample, the decrease in intensity of the isocyanate peak with curing 
time is a real representation of isocyanate loss by chemical reactions in the sample. As 
peak intensity and area depend on the quantity of sample added to the KBr plate or 
pellet, as well as surface exposed, changes in peak values may be due not only to 
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isocyanate reaction inside the sample. To remove that negative effect, the area of the 
characteristic isocyanate band at 2270 cm
-1
 was considered relative to the areas of CH2 
groups at 2934 and 2855 cm
-1
, which are constant for an oleogel along the whole curing 
process, being the evolution of isocyanate content with time considered proportional to 
          [22]. HDI-FL-based oleogels show an exponential decay of free –NCO 
content with curing time, till 6-12 days after preparation when the residual free –NCO 
content is negligible. Similar trend was observed in IDI-FL-based oleogels, although the 
initial isocyanate content is higher and the kinetics much slower, achieving the total loss 
of –NCO groups during the second week or even longer in the case of the 1:2 lignin/IDI 
ratio. On the contrary, TDI-FL-based oleogels exhibited a quick decay of free –NCO 
content, no longer than 3-4 days, which unexpectedly does not completely disappear but 
remain constant at a significant level. More surprising is the behavior found in MDI-FL-
based oleogels, where no decay was observed at all, being the free –NCO content equal, 
or even slightly higher, to that obtained just after oleogel preparation. This means that 
the curing process does not occur in fact, which explains the liquid-like rheological 
response obtained. 
Therefore, the relationship between the loss of free –NCO groups during curing and the 
final oleogel rheological properties seems to be closely related. Moreover, the evolution 
of isocyanate content also modifies the rheological properties along the curing process. 
Since HDI-FL-based oleogels achieved stronger gel-like characteristics, these systems 
have been selected at a 25% w/w FL concentration and both 1:1 and 1:2 lignin/HDI 
weight ratios to study more in deep the kinetics of the curing process from a rheological 
point of view. Figure 11 displays a detailed evolution of           with time for the 
two HDI-FL-based oleogels selected, showing the expected initial higher values for the 
oleogel prepared with FL containing 1:2 lignin/HDI ratio respect to the 1:1 ratio, as well 
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as the exponential decay of values with curing. At the same time, SAOS measurements 
were performed equitably separated three times the same day of oleogel preparation, 
twice the following day and once per day until 1 week. Figure 12 displays the evolution 
of SAOS functions with frequency for the oleogel prepared with the 1:2 lignin/HDI 
weight ratio FL sample and selected curing times, from 2h to one week after 
preparation. As can be observed, the values of the storage and loss moduli increase with 
curing time predominantly during the first 24h (Figure 12a), which is in agreement with 
the evolution of free –NCO groups shown in Figure 11. Moreover, the loss tangent 
(Figure 12b) significantly decreases during these first stages of the curing process, 
especially at high frequencies, and remains almost constant after 24h, also exhibiting a 
minimum which is shifted to higher frequencies with the progress of curing, as a 
consequence of the achievement of a more expanded plateau region. Measurements 
after one and two months were also performed to gain further insight at much longer 
times after completion of the curing process, roughly providing the same results than 
those reported for one week (data not shown). 
As the plateau region of the mechanical spectrum, more or less extended, was always 
detected for HDI-based oleogels, the plateau modulus, G
0
N, the characteristic parameter 
of this region in the mechanical spectrum, which can be straightforwardly estimated as 
[43]: 
 G GN
o
tan minimum


'

          
has been selected to analyze and model the curing kinetics. Moreover, since the loss 
tangent is not substantially affected by the curing process after 24h, the whole SAOS 
mechanical spectrum may be determined from G
0
N values. Figure 13 shows the 
evolution of the normalized plateau modulus, being G
0
N-0 and G
0
N-∞ the values of the 
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plateau modulus at time zero after oleogel preparation, and for the totally cured oleogel, 
respectively. For the HDI-FL-based oleogel containing 1:1 lignin/HDI ratio, a rather 
fast increase in the values of SAOS functions was obtained during the first day after 
processing, achieving a maximum value at around 20-30 h of ageing, still remaining 
approximately 25-30% of the initial free isocyanate content. However, unexpectedly, 
once this maximum value was reached, G’ and G’’ values decreased for the following 
two days and finally a slight increase was observed after one week, remaining constant 
further on, as illustrated in Figure 13. This evolution may be explained considering two 
contrary effects, on one hand the strengthening of the oleogel sample as the crosslinking 
degree increases through the formation of new urethane bonds chemically bonding FL 
and CO, and on the other hand, the relaxation of the gel network as a consequence of 
the non-physical equilibrium during the progress of the chemical reaction [44]. During 
the first hours, chemical reaction kinetics has much more importance on the rheology 
than any relaxation process, as free –NCO groups concentration is still high (see Figure 
11). However, after one day, available free –NCO groups have significantly diminished 
its concentration, and relaxation of the oleogel network gains more importance in 
detriment of the effect of crosslinking formation. Finally, the equilibrium is achieved 
once isocyanate content was negligible. On the other hand, the oleogel containing a 1:2 
lignin/HDI ratio exhibits a different behavior. Even when both mentioned processes 
come about at the same time, isocyanate concentration is much higher than for the 1:1 
lignin/HDI ratio, resulting a more extensively crosslinked network which dampens 
structural relaxation. Thus, the values of the SAOS moduli progressively increase after 
oleogel preparation, achieving the maximum value at longer times, approximately 
coinciding with the equilibrium, as a consequence of the higher amount of residual free 
–NCO groups, which obviously need more time to react completely (see Figure 11). 
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The evolution of the plateau modulus with the curing time has been modeled for 
oleogels containing 25% w/w FLH and FLH2, i.e., 1:1 and 1:2 FL/HDI ratios, using a 
modified consecutive-reaction kinetic equation: 
  
      
 
    
      
       
  
     
                                            
which takes into account both internal processes during curing, i.e., the strengthening 
according to isocyanate loss through the kinetic constant k1 and structural relaxation 
through constant k2, where A and B are fitting parameters considering the relative 
weight of both exponential terms and the absolute values of the normalized plateau 
modulus, respectively. As shown in Figure 13, reasonable good fittings were obtained in 
both cases (see fitting parameters in Table 4). 
 
Figure 10. Evolution of free isocyanate content with curing time for oleogels 
prepared with different types of diisocyanates 
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Figure 11. Evolution of free isocyanate content with curing time for 25% HDI-FL-
based oleogels (a) 1:1 lignin/ diisocyanate ratio, b) 1:2 lignin/ diisocyanate ratio) 
 
Figure 12. Evolution of SAOS functions with curing time for O25H2 sample 
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Figure 13. Evolution of the normalized plateau modulus with curing time and 
fitting to equation (4) 
 
Table 4. Equation (4) fitting parameters for oleogels containing 25% w/w FLH and FLH2 
Sample 
G
0
N-0  
(Pa) 
G
0
N-∞ 
(Pa) 
B 
(h
-1
) 
A 
k1 
(h
-1
) 
k2 
(h
-1
) 
R
2
 
1:1 21 4015 8.0 E-4 250 0.0805 0.0813 0.83 
1:2 65 80379 7.4 E-4 3 0.0953 0.0946 0.92 
 
4. Conclusions 
Lignin, a promising renewable and residual polymeric material in the paper industry, 
has been successfully tested, along with diisocyanate crosslinkers, as gelling agent in a 
castor oil medium by applying a two-step oleogel preparation protocol which comprises 
firstly the lignin functionalization and secondly the formation of bio-based 
  
30 
 
polyurethanes with gel-like characteristics by combining the functionalized lignin with 
castor oil. Time-temperature processing conditions influence oleogel formation and 
related rheological properties. A high processing temperature (70ºC) shortens oleogel 
preparation by accelerating the formation of new urethane linkages between the 
functionalized lignin and castor oil, but however yields a weak gel-like response. 
Oleogel rheological properties can be modulated by modifying the functionalized lignin 
concentration or the lignin/diisocyanate ratio in the functionalization reaction, thus 
varying the crosslinking density afterwards. 
The chemical structure of the diisocyanate compound used as crosslinker dramatically 
influences oleogel rheological properties. Thus, IDI and especially MDI produce liquid-
like viscoelastic dispersions, in contrast to the strong gel-like characteristics found in 
HDI-based oleogels, whereas an intermediate response was observed for TDI-based 
oleogels. 
The evolution of free isocyanate content during curing, i.e., after oleogel preparation, is 
also influenced by the type of diisocyanate, showing an exponential decay for HDI and 
IDI, and small variation for TDI and MDI. The kinetics of this curing process has been 
analyzed from a rheological point of view and explained as two different processes 
occurring simultaneously, the strengthening of the samples by the formation of new 
urethane linkages and the gel network structural relaxation. A modified consecutive-
reaction kinetic model has been proposed to describe the evolution of the plateau 
modulus with curing time. 
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HIGHLIGHTS 
 NCO-functionalized lignin as chemical gelling agent of castor oil 
 Rheological properties of chemical oleogels dramatically depend on the type of diisocyanate 
used as crosslinker 
 Oleogel rheological properties can be modulated by modifying the functionalized lignin 
concentration and the lignin/diisocyanate ratio 
 A modified consecutive-reaction kinetic model describes the evolution of viscoelastic 
modulus with curing time 
 
